ABSTRACT: This paper concerns an example of cross-disciplinary integration: the use of seismic modelling based on a shared earth model to validate reservoir simulation. Whole-field simulator models and finer-scale sector models can be generated from the same detailed geological description in a shared earth model, ensuring that they are consistent. However, it is possible for some aspects of the simulation to depart from the geology, making predictions unreliable. For seismic validation, synthetic seismic volumes are p r o d u c e d from a shared earth model containing fluid data fed back from the simulator. Features in the synthetic w h i c h are caused by fluid movements, are then looked for on the real 3D seismic data. If the seismic data confirm the simulator's results in the spaces b e t w e e n history-matched wells, greater confidence can be had in its forward predictions. The methodology is illustrated using the Magnus oil field in the UK North Sea.
INTRODUCTION
With increased emphasis being placed on cost-effectiveness and early returns on capital investment, oil companies are requiring that subsurface evaluation is carried out more efficiently than before. Field appraisal and development time are being sharply reduced; waterflood and pressure maintenance schemes are designed very early in field life, and infill drilling programmes have to be operated within tight financial constraints. If subsurface teams are to make sound interpretations and predictions in little time, and also deliver the high recovery factors which are now expected, the members need to work together, communicate and integrate their information much more thoroughly.
One way to achieve this is through the shared ownership of a numerical description of the reservoir and its properties: this is the shared earth model concept that is discussed in detail below. In order to reach the degree of inter-disciplinary collaboration that is increasingly needed in our subsurface teams, the lines of demarcation between activities of different subsurface technical disciplines must become less defined. In this way, new opportunities are created. Seismic validation of reservoir simulation is an example of this. This paper is in two parts, the first part discusses the shared earth model concept in subsurface integration. The second part describes an application of this concept to a field in the North Sea, showing the advantage to be gained by integrating seismic modelling with reservoir simulation in the planning of an infill drilling programme.
GEOSCIENCE AND ENGINEERING RESERVOIR MODELS
Everyone in a subsurface team has a model of the reservoir on which they are working. Some models are numerical, such as a reservoir simulation model, others are graphical, such as a contour map or a well correlation diagram, and some models are conceptual. The way in which team members think about Presented at the EAGE Conference in Glasgow, June 1995 (FO!3). a reservoir and its behaviour, and the way they interpret new information, depends very strongly on the nature of the model which each team member is using, but these models are all different. Consequences of this are poor communication within and outside the team, and a tendency for geological models and engineering models to become independent, or even inconsistent. If geoscientists and engineers are working with inconsistent views of the reservoir, the likelihood of successful field development and management is severely reduced.
THE SHARED EARTH MODEL
The shared earth model is a means of ensuring consistency between views of the reservoir held by people in different subsurface disciplines. The essential principle is that all the disciplines should participate in the definition and construction of a common numerical description of the reservoir, and should use this numerical model as the basis for their respective calculations and interpretations. It is generally implemented as a fine-scaled cellular model, held by a suitable geological modelling package, containing rock properties, geophysical attributes, and reservoir characteristics, and with a close linkage, through upscaling, to a reservoir simulator. This sort of model ( Fig. 1 ) brings together data and interpretations at a number of different scales: core descriptions, well logs, seismic attributes, mapped horizons, stratigraphic correlations, fluid types and pressures, and dynamic data. Having all the data together in a consistent form makes them accessible to the subsurface team in a way that was not practicable before (Riddiford & Goupillot 1994) . This leads to new possibilities for cross-disciplinary integration, as discussed below.
WORKING WITH SHARED EARTH MODELS
One of the first consequences of bringing together all the reservoir data into a 3D numerical model is that they can be visualized. Visualization plays a major part in ensuring (Pickup et a I. 1995) , it means that wholefield simulator models, sector models, and fine-scaled singlewell models, can all be generated from the same detailed geological description, ensuring that all are consistent.
The most important characteristic of a reservoir is how it performs, thus, a numerical reservoir description cannot be considered valid unless a simulated well penetrating it performs comparably to a real well in the real reservoir. One way to validate a reservoir description is to generate a suitable simulator model from it and simulate well tests, comparing the results with corresponding actual test results. This procedure can help eliminate alternative interpretations of structure and stratigraphy, even though well data were used in its construction, since a well test looks at reservoir properties at some distance from the well.
A major part of this paper concerns the use of seismic modelling, based on a shared earth model, to validate reservoir simulation. However, synthetic 3D seismic has another role to play, in validating the geological model. Fine-scale reservoir descriptions increasingly incorporate stochastic realizations of depositional geometry and of rock property distribution (Alabert 1992) and embody assumptions about stratigraphy. It is therefore possible for the geological models to become inconsistent with observed seismic data, and this can be tested by generating synthetic seismic volumes and applying to them the same interpretation techniques as applied to the real seismic.
These examples of working with shared earth models show how integrating geoscience and reservoir engineering creates new opportunities for improvement in reservoir performance prediction.
SEISMIC VALIDATION OF RESERVOIR SIMULATION The value of seismic validation in reservoir management
With today's trend of rapid field development for maximum return at the earliest possible time, critical reservoir management decisions are made early in field life, using simulator models that have been history matched with a limited amount of production data. If a 3D seismic survey is shot at this time, then it may be able to help improve the accuracy of simulator models. Good seismic data provide an excellent picture of the structure, but may also contain information on reservoir fluids, that can be used to support or provide guidance for the reservoir simulator. Where seismic data confirm the simulator's predictions in the spaces between history-matched wells, greater confidence can be had in the forward predictions made by the simulator. If the subsurface team has a shared earth model then it is relatively straightforward to pursue this idea.
In the early stages of a field development the major change occurring in the reservoir is in pore pressure. Where the reservoir formation is a relatively poorly consolidated sandstone, this change of pressure can have a significant effect on its acoustic properties. This effect can be exploited using 3D seismic, together with production data, to increase confidence in the simulator model.
Later in life of the field, pressure may be stable but fluid movements will occur that may also affect the acoustic properties. A 3D seismic survey acquired at this stage may validate the simulator model and assist the placement of infill wells to access unswept oil.
The method
A methodology for performing seismic validation of the simulator model using a shared earth model is shown in Fig. 2 . It starts by building a shared earth model containing subsurface properties such as acoustic impedance (AI), at initial reservoir conditions. The properties in the shared earth model are then updated to represent the reservoir after a number of years of production that corresponds to the time when a new 3D seismic survey was obtained. This is done by taking pressure and water saturation changes calculated by the simulator over this time period and, by using a petrophysical correlation, calculating the predicted changes in AI due to fluid movements. The source of the petrophysical correlation may vary from case to case, but generally it will be a set of acoustic measurements made on core samples at a range of pressures and saturations.
Two 3D synthetic seismic volumes are produced from the shared earth model, one representing the model at initial reservoir conditions and one representing the model after several years of production. The two synthetic seismic datasets are compared to look for features in the later synthetic which are not present in the initial synthetic and, hence, are caused by fluid movements. These features are then looked for on the real 3D seismic data. Utilizing differences to identify the features of interest like this, rather than attempting to model the 3D seismic data in every detail, minimizes the risk of mis-interpreting artefacts of the geological and seismic modelling process.
If the features seen on the later synthetic are consistent with the real 3D seismic then greater confidence can be put in the simulator's predictions between the wells. If the changes are inconsistent, then this information can be used to improve the input to the simulation.
Illustration of the methodology The Magnus Field
The value of this methodology is illustrated in this paper using the Magnus oil field in the North Sea (Shepherd et al. 1991) which is shown in outline and cross-section in Fig. 3 . The field is a tilted fault block where the reservoir intervals, of late Jurassic sandstone, subcrop at the major unconformity. A display of the reservoir simulator model which is being used to manage this field is shown in Fig. 4 . It consists of 9 layers and contains approximately 14 000 blocks which are 200 m 2 . The field has been in production for 10 years and is now on plateau. The time has come for infill drilling to maintain production rates and suitable new well locations are required. The historymatched simulator model gives pressure and water saturation at different places across the field, but is controlled only by measurements from wells. How confident can we be in the simulator's predictions of pressure depletion and water influx in the spaces between wells?
A 3D seismic survey was shot recently over the field for the purpose of structure and isopach mapping; a cross-line is shown in Fig. 3 -The following paragraphs describe the use of the 3D seismic with a shared earth model to validate the reservoir simulator and increase confidence in proposed new well locations. 
Building the initial model
An initial shared earth model of the Magnus Field was constructed using an appropriate 3D modelling package. A portion of this model is shown in Fig. 5 . The full model contains 2.3 x 10 6 cells whose sizes are 50m 2 and between 0 and 3m thick. Attributes stored in the cells at this stage were rock properties such as porosity, permeability, velocity and shale content. These were derived by interpolating log information at the well positions into the cells between the wells. In the case of porosity and permeability, the interpolation included a depth dependency to reflect a trend observed in the wells. The reservoir interval contains 100 layers with the full model containing 217 layers. The layering scheme used in the model was designed to correspond to the reservoir geologist's view of the stratigraphy. Additional layers, covering a depth corresponding to half the seismic wavelet length, were built above and below the reservoir region in order to avoid edge effects when performing seismic modelling.
In order to perform seismic modelling, knowledge of AI in the reservoir is required. As the wells in the field were drilled at different times, it was not possible to interpolate well log information for this purpose. Instead, from petrophysical analysis of cores from a number of the early wells, a simple relationship was derived between AI at initial reservoir conditions and porosity and shale content, quantities which do not change during the field's life. This was used to calculate AI at initial reservoir conditions inside the reservoir interval. Above and below the reservoir, where no changes have occurred, the AI was interpolated from well logs.
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The model after 9 years of production The next step is to bring into the shared earth model the simulator's predictions of what has happened over nine years of production. Figure 6 shows a view of the reservoir region in the Magnus shared earth model where the colours indicate pressures and water saturations predicted by the simulator, fed into the earth model to become cell attributes. Each small model cell is populated with properties from the appropriate simulator block and the pattern of simulator blocks can be clearly seen. Each of these simulator blocks covers a number of the smaller earth model cells. After nine years of production, the pressure has decreased considerably at the crest but is being maintained at the flank by water injection.
To estimate AI after nine years, it was necessary to calculate the changes in pressure and saturation in each cell of the model. Figure 7 is a view of a surface inside the earth model representing the top of the reservoir, showing pressure drop, water saturation increase and the calculated change in acoustic impedance. This was calculated in response to the changes in pressure and water saturation using a petrophysical correlation obtained from a petro-acoustic study based on laboratory measurements on cores. Adding the change in acoustic impedance to the estimate at initial conditions produced a reservoir attribute representing acoustic impedance after nine years of production, which corresponds to the reservoir fluid patterns predicted by the simulator.
Synthetic 3D seismic
At this stage the shared earth model holds acoustic impedance values corresponding to initial reservoir conditions and to those predicted by the simulator after nine years of production. The next stage is to calculate the seismic response of the model at these two time-steps. Since the real seismic is good quality 3D migrated data, a simple trace-by-trace postmigration synthetic procedure was considered suitable.
In addition to acoustic impedance, a description of the velocity field is required for depth to time conversion. This was obtained by combining the time-depth relationship denned on the major unconformity with the velocity values stored inside the cells of the earth model which were calculated by interpolating sonic logs between the wells.
Since velocity changes with fluid content and pressure, sonic logs from early wells should be interpolated for modelling at initial conditions, those from recent wells for modelling later conditions. Two 3D synthetic seismic volumes were generated by taking vertical columns of data from the model. For each seismic output trace location, the nearest vertical column of data is found, converted from depth to time and resampled onto regular time. Reflection coefficients were calculated and convolved with a wavelet which was extracted from the real seismic data. The 3D volumes of traces were finally converted into a format ready for the seismic workstation. 
Analysis
In order to analyse the data and draw conclusions about the simulator it is necessary to identify features in the synthetic from the AJ after nine years of production that are not present in the synthetic obtained from the AI at initial reservoir conditions. These features, caused by fluid movements, are then looked for on the real seismic.
Synthetics and real seismic are shown for two cross-lines in Fig. 8 . Seismic line A is a cross-line from south of the field and B is from the north. The synthetics show much detail with overall amplitudes and frequencies corresponding to the real seismic which is seen around the edges. There is no attempt here to match details of the 3D seismic with the later synthetic: the aim is to identify features which are due to fluid movement. The synthetics match the real seismic reasonably well for this purpose and are broadly similar. There are however, some significant differences between the synthetics, in particular at the crest near the unconformity.
As this is a 3D dataset, the response can be mapped and Fig.  9 shows amplitude maps at the unconformity that were obtained by tracking horizons on the real 3D seismic and on the two synthetics. Note particularly the two areas marked with boxes. On line A a comparison of the two synthetics shows a marked drop in amplitude from initial to later. The real seismic here shows a low amplitude feature confirming the prediction. On line B a comparison again shows a marked drop in amplitude from initial to later synthetic but the corresponding feature on the real seismic is a relatively high one. This indicates that something in the changes that have been made to the AI has moved the model away from the true subsurface conditions, and does not reflect what has cross-line B.
happened over nine years of production. It is necessary to go back to the earth model and the simulator, locate this area and see what is causing the change.
Referring back to Fig. 7 , the area where there is a discrepancy is in the middle of line B where the seismic response indicates that the modelled change in acoustic impedance has not happened in the real reservoir. The change in the model was caused by the simulator's prediction of a moderate pressure drop and no change in water saturation in this region. This could mean that in the real reservoir there has been some water influx, or that the pressure drop has been less than predicted, or both. Reservoir simulators often acquire lateral barriers and other modifications during the history-matching process, and it is possible that some aspect of the simulator in this area has departed from the geology. Figure 10 shows one simulator layer from the top of the reservoir model, showing pressure and water saturation after nine years of production. The area under investigation is along seismic line B where there is a moderate pressure drop and no water influx. There are two clear reasons why there has been no water movement. Firstly, the barrier positioned south of line B is preventing water from the injector getting through to the area. Secondly, the area under investigation is at the edge of this simulator layer. To cross the edge of this layer laterally is to move into the layer below, which is not connected to this one. Hence, no water can get through to this area from the north.
This analysis has identified an area where the design of the simulator prevented it from accurately predicting the true reservoir conditions. Further analysis of the real and synthetic seismic data may reveal other areas, and this information can be used to help improve the design of the simulator. This will increase confidence in the simulator's predictions and help to place suitable, new well locations.
CONCLUSIONS The shared earth model approach brings together the subsurface disciplines to create new opportunities for crossdisciplinary integration. A striking example of this is the use of seismic data to validate the reservoir simulator's predictions for an infill drilling programme. Traditionally, seismic modelling and reservoir simulation for field management are activites which lie at opposite extremes of subsurface work. The shared earth model provides a way to bring such separate activities together to make a significant impact on business decisions. A shared earth model can be considered as a virtual reservoir in which the effects of alternative drilling plans, development schemes, and so on, can be explored quickly at no cost or risk. This can be an essential aid to subsurface teams in today's demanding business environment.
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